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Conventional wisdom dictates that the mysterious and extraordinary properties of the cuprates
arise from doping an antiferromagnetic (AFM) Mott Insulator. Such a picture can account for
the increase of the superconducting (SC) transition temperature (Tc) with increasing doping as a
consequence of the competition between the AFM and SC orders, but not for the decrease of Tc
beyond optimal doping. In fact, there is no satisfactory theoretical explanation for this decline of Tc.
In this work, we report the emergence of a ferromagnetic (FM) phase beyond the superconducting
dome in the electron-doped cuprate La2−xCexCuO4 (LCCO) as evidenced by resistivity, magneto-
thermopower and magnetization experiments. This unexpected discovery suggests that a quantum
phase transition occurs at the end of the SC dome and that a competition between superconductivity
and FM could provide an explanation for the decrease in Tc in the overdoped cuprates. Our findings
show that the physics of the overdoped cuprates is much richer than previously thought, and pose
a challenge to most proposed models of the cuprates.
The physics of the copper oxide (cuprate) supercon-
ductors has been intensely debated since their discovery
in 1986. Although the physics of a doped Mott insula-
tor can explain many properties of the underdoped and
optimally doped cuprates, the validity of this approach
is not clear for higher dopings. In fact, it is usually as-
sumed that overdoped cuprates are fairly conventional
and emerge from a Fermi liquid (FL) normal state. But,
recent studies of overdoped LCCO find a non-Fermi liq-
uid (strange metallic) normal state, with a linear-in-T
resistivity down to 30 mK [1]. Another result finds an
unconventional (non-FL) linear-in-H magnetoresistance
in LCCO [2], correlated with the linear-in-T resistivity
and the disappearance of SC for doping above the Fermi
surface reconstruction at x = 0.14 [3]. Moreover, an
unconventional thermoelectric power is observed in the
same region of the LCCO phase diagram [4]. Taken to-
gether, these experiments indicate that the low temper-
ature normal state of overdoped LCCO is a non-Fermi
liquid with a possible extended doping range of quantum
criticality. Similar observations of non-FL transport have
also been reported for the overdoped hole-doped cuprate
La2−xSrxCuO4 (LSCO), down to 1.5 K [5]. Additionally,
an anomalous loss of superfluid density has been observed
in overdoped LSCO [6].
In 2007, Kopp et al. [7] hypothesized that the tem-
perature dependence of the magnetic susceptibility (χ)
in overdoped (Bi,Pb)2Sr2CuO6+δ is caused by the fluc-
tuations of a FM phase that exists beyond the end of the
superconducting dome and which competes with the d-
wave superconductivity. This competing FM order might
offer an explanation for both the vanishing superconduc-
tivity in the overdoped side of the phase diagram and
the loss of superfluid density. There have also been both
theoretical and experimental suggestions that such an or-
der might exist: electronic band structure calculations
for supercells of La2−xBaxCuO4 [8] predict weak ferro-
magnetism around concentrated regions of the Ba-dopant
atom at very low temperatures, and in 2010 Sonier et
al. [9] reported the development of magnetic order be-
low 0.9 K in non-superconducting and heavily overdoped
LSCO. Recently, K. Kurashima et al. [10] have also
found evidence for ferromagnetic fluctuations in over-
doped (Bi,Pb)2Sr2CuO6+δ. However, until this work,
there has been no direct experimental evidence of static
ferromagnetic order associated with the CuO2 planes in
any cuprate.
Due to the difficulties in preparing heavily overdoped
samples, little work has been done on the region of
the cuprate phase diagram beyond the superconducting
dome. To investigate this highly over-doped regime we
measured electron-doped LCCO thin films, which can re-
liably be doped beyond the superconducting dome. In
particular, we will focus on non-SC dopings (x = 0.18,
0.19) where a FL-like quadratic temperature dependence
of the resistivity is found at low temperatures [1]. Shock-
ingly, we observe static ferromagnetic order at tempera-
tures below 4 K in these non-SC samples. In contrast,
no ferromagnetic order is found for dopings inside the SC
dome (x < 0.175), strongly suggesting the existence of a
ferromagnetic quantum critical point at the end of the
SC dome at x = 0.175. This could explain previously
reported [11] quantum critical behavior near the end of
the dome, as well as the suppression of superconductivity
itself as the doping is increased beyond its optimal value.
The evidence for FM order below 4K in overdoped
(non-SC) LCCO is based on transport and magnetiza-
tion measurements of numerous thin film samples grown
on three different substrates (see SI for details). Specif-
ically, we report negative transverse magnetoresistance
(MR), anisotropic MR, and magnetic field hysteresis in
magnetization, MR, and magneto-thermopower measure-
ments, all of which are unambiguous indications of fer-
romagnetic order. Figure 1 shows the low temperature
transverse (H ⊥ ab-plane) magnetoresistance for both a
SC (x = 0.17) and non-SC (x = 0.18) sample. The MR
for x = 0.17 is positive and crosses over from linear to
quadratic in field with increasing temperature, while the
transverse MR for x =0.18 is negative with a strong low
field hysteric dependence below ∼ 4 K. Both of these fea-
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2FIG. 1. Low temperature magnetoresistance across the end of the SC dome: (a) ab-plane magnetoresistivity (H ⊥ ab-
plane) for x = 0.17 (Tc = 4K) at 2 K, 5 K, and 10 K; (b) and (c) ab-plane ∆ρ(%) =
(
ρ(H) − ρ(0))/ρ(0) × 100 in low field
sweep from +400 Oe to -400 Oe for H ⊥ ab-plane and for H ‖ ab-plane respectively at 2 K for x = 0.18 (Tc = 0 K). Arrows
indicate the sweeping direction of the H field. Inset: higher field ab-plane magnetosresistance for H ⊥ ab-plane at 2 K.
FIG. 2. Magneto-transport and magnetization for x = 0.19: (a) ab-plane ∆ρ(%) =
(
ρ(H)−ρ(0))/ρ(0)×100 (H ‖ c-axis)
at 2 K; inset: low field ∆ρ(%) in expanded view. Black arrows indicate the sweeping direction of the field; (b) low field ab-plane
∆ρ(%) (H ⊥ ab-plane) at temperatures 3 K, 3.5 K, and 4 K with same sweeping direction as shown in Fig. 2(a) (the y-axis
scale is also the same); (c) magnetization versus magnetic field with H ‖ ab-plane and H ⊥ ab-plane at 2 K (see SI for higher
temperatures). Inset: low field magnetization in expanded view for H ‖ ab-plane. The substrate background is removed in
these plots, see SI for details. (d) ab-plane thermoelectric power with transverse sweeping field +500 Oe to -500 Oe.
3FIG. 3. Anisotropic magnetoresistance for x = 0.18: (a) ab-plane magnetoresistance measured with field in plane and
parallel to current direction (H ‖ I); (b) ab-plane transverse magnetoresistance (H ‖ c-axis) with field perpendicular to current
direction (H ⊥ I). The low field data is not plotted here for clarity (see Fig. 1 and Fig. S1 for the low field magnetoresistance).
tures: the negative MR and low field hysteresis below 4
K, are hallmarks of itinerant ferromagnetism [12, 13].
Similar MR data suggestive of FM order is shown in
Figs. 2a and 2b for x = 0.19, again below ∼ 4 K.
As shown in Fig. 2d, we also observed hysteresis in
the magneto-thermoelectric power (MTEP) [14, 15], re-
affirming the presence of FM and ruling out any current
heating effect as the cause of the MR hysteresis. In Fig.
2c we show a SQUID magnetization (M) study of a x =
0.19 sample which demonstrates hysteresis in the magne-
tization below 4 K, with a coercive field comparable to
the MR shown in Figs. 2a and 2b. The hysteresis van-
ishes at 4 K as shown in Fig. S4. At 2 K the magnitude
of the magnetization is approximately ∼ 0.06-0.08 µB/fu,
which is consistent with itinerant ferromagnetism from
the copper spins. The magnetization is also anisotropic
with respect to the direction of the applied field (in-plane
vs. out-of-plane), as shown in Fig. 2c. Furthermore, we
found an anisotropic magnetoresistance (AMR), which is
a well-known effect in metallic ferromagnets, arising due
to spin orbit coupling [13, 16–19]. This data is shown in
Figs. 1b, 1c, and 3, where the MR depends on the rela-
tive orientation of the current and the magnetization.
Altogether, the negative transverse MR, anisotropic
MR, and hysteretic features in MR, MTEP, and mag-
netization measurements provide compelling, unequivo-
cal evidence for static ferromagnetic order below 4 K in
overdoped LCCO. Great care was taken to ensure the
observed magnetism is intrinsic to the sample, including
reproducing our results for films grown on three different
substrates, as explained in detail in the SI.
As shown in the SI (Fig. S3), the transverse MR re-
mains negative up to ∼ 70 K. Prior experimental [20]
and theoretical [21] results on low carrier density fer-
romagnetic transition metals suggest that ferromagnetic
fluctuations are present in this system, although we did
not observe evidence for FM spin fluctuations in trans-
port measurements. In the presence of such fluctuations,
FIG. 4. Temperature vs. doping phase diagram:
Schematic phase diagram of La2−xCexCuO4. The dotted blue
line represents the region in which AF (long or short range)
order is observed below doping x = 0.14 [1, 26]. The yellow
region represents the superconducting phase and the red re-
gion beyond the SC dome represents the itinerant FM phase
found from this work. The black arrow indicates the possi-
ble FM QCP. The green arrows indicate the three dopings
studied in this work.
the temperature dependence of the resistivity is predicted
[22] to go as T 4/3 in 2D or T 5/3 in 3D, whereas we observe
a T 2 power law up to ∼ 100 K (see Fig. S6). Accordingly,
future work, such as µSR measurements [9, 10], will be
needed to probe the range and impact of FM fluctuations.
The FM we observe in overdoped non-SC LCCO re-
sembles that found in weak itinerant ferromagnets such
as UGe2 [23] and Y4Co3 [24], in that they also exhibit a
T 2 temperature dependence of the resistivity. The FM
order may exist above the doping x = 0.19, but we were
unable to prepare homogeneous films, and the onset of
4SC at 5 K for x = 0.17 prohibits a low temperature MR
study for this and lower dopings. Based on the positive
normal state MR in x = 0.17 (shown in Fig. 1) and a
prior µSR study of LCCO [25], it is reasonable to predict
the absence of any FM order below x = 0.175. We at-
tribute the observed ferromagnetism to the hypothesized
low temperature ferromagnetic order in the copper oxide
planes of overdoped cuprates [7].
A previous transport study [11] observed quantum crit-
ical behavior of unknown origin at the end of the SC dome
in LCCO based upon the scaling of the resistivity with
temperature and magnetic field. Specifically, the work
reported the resistivity to scale as T 1.6 at the end of the
dome, which is very near to the power law expected to
arise from 3D FM fluctuations [22]. In conjunction with
the discovery of FM order above the SC dome described
in this work, these results are strongly indicative of a
SC to FM quantum critical point located at the end of
the SC dome in LCCO. Given that static magnetic or-
der may exist in non-SC overdoped LSCO [9] and FM
fluctuations are observed in overdoped BSCO [10], this
quantum critical point is likely a universal feature of the
cuprate phase diagram, existing in both hole-doped and
electron-doped compounds.
In conclusion, our present study firmly establishes the
existence of itinerant ferromagnetic order in the over-
doped, non-SC, cuprate LCCO at temperatures below 4
K. This strongly suggests the presence of a ferromagnetic
quantum critical point at the end of the superconduct-
ing dome, and a resultant competition between d-wave
superconductivity and ferromagnetism [7] which might
explain the decrease in superconductivity above optimal
doping. This competition between FM and SC could also
account for the loss of superfluid density recently found
in hole-doped cuprates [6]. These striking results offer
new insights to address the long-standing mystery of the
cuprates, and reimagine the unexplored frontiers of their
phase diagram.
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SUPPLEMENTARY INFORMATION
Methods: High quality La2−xCexCuO4 (LCCO) thin
films ∼ 150 - 200 nm thick were grown using the
pulsed laser deposition (PLD) technique on SrTiO3 [100],
(LaAlO3)0.3(Sr2TaAlO6)0.7 [100] (LSAT), LaSrGaO4
[100] (LSGO) substrates (5 × 5 mm2) at a temperature of
720-750 ◦C utilizing a KrF excimer laser at oxygen par-
tial pressure 230 mTorr. The films were post annealed
at temperature 600-640 ◦C for 30-40 minutes at pres-
sure 2×10−5 Torr. Measurements were performed on
La2−xCexCuO4 (LCCO) films for x = 0.17, 0.18, 0.19
compositions. The LCCO targets were prepared by the
solid-state reaction method using 99.999% pure La2O5,
CeO5, and CuO powders. The Bruker X-ray diffraction
(XRD) of the films shows the c-axis oriented epitaxial
LCCO tetragonal phase. The thickness of the films has
been determined by using cross sectional scanning elec-
tron microscopy (SEM). The magnetotransport measure-
ments of the films have been carried out from 2 K to 100
K in DC magnetic fields up to ± 9 T in a Quantum
Design Physical Property Measurement System. The
Hall component in the magnetoresistance is removed by
adding positive sweep and negative sweep and dividing by
2. The magnetoresistance measurement is performed on
patterned (50 micron channel) and unpatterned samples
of sizes 1 × 5 mm2 and 5 × 10 mm2. The magnetiza-
tion measurement was conducted in a superconducting
quantum interference device (SQUID) equipped with a
7 T magnet. The thermopower measurement utilized a
single heater technique (see [4] in the main text).
Intrinsic origin of the ferromagnetism: Ferromag-
netism in a thin film (below 200 nm) grown on a substrate
can sometimes originate from extrinsic causes [1]. There
are several possible sources of extrinsic ferromagnetism,
which we have systematically ruled out based on the fol-
lowing observations:
1. The magnetism is not an interfacial effect of the
STO substrate. We have reproduced the magneti-
zation and transport results reported in the main
text on multiple films grown on LSAT and LSGO
substrates.
FIG. S1. X-ray Diffraction pattern of La2−xCexCuO4 grown
on SrTiO3 substrate. The S indicates substrate peak. Dop-
ings are indicated in each panel.
2. The hysteresis in a SQUID magnetometry measure-
ment is not due to contamination from, e.g. han-
dling the sample with magnetic tweezers, as this
would not lead to the observed hysteresis in mag-
netoresistance and magnetothermopower. The hys-
teresis loop is independent of the sweeping rate of
the field, which rules out any heating effect.
3. The magnetism cannot be be caused by magnetic
impurities (e.g. Fe, Co, Mn) in the film or the
substrate. Our measurements rule this out for the
following reasons:
(a) The magnitude of the magnetic moment our
LCCO film is too large (0.08 µB/fu) to be
caused by magnetic impurities. A moment
this large would would require more than 2%
of ferromagnetic impurities (like Fe, Co, Mn),
which far exceeds the purity of our PLD ma-
terials.
(b) We have measured the magnetic moment of
the film after subtracting out the substrate
contribution (Fig. 2c in the main text, Fig.
S3).
(c) The slightly lower doped x = 0.17 shows
no ferromagnetic-like magnetoresistance, even
though these films are prepared from same
source of metal oxide, and thus would osten-
sibly harbor the same impurities.
(d) To the authors’ knowledge, all magnetic impu-
rities related to weak ferromagnetism have a
high Curie temperature (above 300 K) and the
saturation magnetism does not change with
temperature significantly [1, 2]. In contrast,
the magnetism in LCCO is seen at very low
temperature (below 4 K).
64. LCCO did not show any structural change in the
X-Ray Diffraction (XRD) pattern of the higher
doped sample as shown in Fig. S1. The XRD pat-
tern looks very similar throughout the doping range
studied. A recent Cu L-edge resonant inelastic X-
ray scattering study [3] of LCCO shows that Cu is
in the 2+ state beyond the superconducting dome
and Ce is known to be in 4+ states [4] in electron-
doped cuprates. The Ce4+ and La3+ are unlikely
to be ferromagnetic (no unpaired electrons and no
evidence found to date). However, we cannot rule
out a small amount (1% or less) of Ce3+. But, we
would not get our large measured moment from a
few percent of Ce3+ in isolation, or combined with
oxygen.
Therefore, we attribute our observed ferromagnetism to
an intrinsic property of the copper spins in a metallic
system, i.e., an itinerant ferromagnet.
Low temperature magnetoresistance: Figure S2
shows the low field transverse magnetoresistance with
+500 Oe to -500 Oe sweeping field at temperatures 2K,
3K, 3.5K and 3.7 K for doping x=0.18.
FIG. S3. Low field out-of-plane ∆ρ(%) =
(
ρ(H) −
ρ(0)
)
/ρ(0) × 100 vs. magnetic field (H ‖ c-axis) for doping
x = 0.18.
High temperature magnetoresistance: In Fig. S3,
we show the higher temperature out-of-plane magnetore-
sistance of one x =0.18 LCCO sample. The MR of this
sample is negative at temperatures below 50 K. At 50
K, the magnetoresistance is negative below 6 T and be-
comes positive at higher fields. Above 70 K the magneo-
resistance becomes fully positive, as shown in the inset of
Fig. S3. The theory for magnetoresistance in ferromag-
netic metals below the Curie temperature is well under-
stood [5], and the negative magnetoresistance we observe
above the Curie temperature in a ferromagnetic metal is
FIG. S2. Transverse ∆ρ(%) for x =0.18 at various tempera-
tures; Inset: MR at 60 K (red) and 70 K (black).
not common in conventional systems. Experimentally,
negative magnetoresistance is seen in several ferromag-
netic transition metals with low carrier density ([20, 21]
in the main text), which has been explained by spin fluc-
tuations above the Curie temperature. Cuprates are also
known to be a disordered low carrier system leading us to
speculate that the negative magnetoresistance is due to
ferromagnetic spin fluctuations above the ferromagnetic
transition temperature.
Magnetization: Figure S4a shows the magnetization
(M) vs field (H) data for doping x =0.19 from 2 K to
10 K for H ‖ ab-plane. The magnetization is hysteretic
below 4 K, with the feature vanishing above 4 K. This
is consistent with our magnetoresistance measurements
in which the hysteresis loop is seen only below 4 K. Fig-
ure S4b shows a similar hysteresis in the magnetization
for H ⊥ ab-plane with a slightly higher magnetic mo-
ment than found in the in-plane measurement. Figure
S4c shows the in-plane magnetization of the same sub-
strate after removing the LCCO film by chemical etching
(the sample was dipped inside HNO3 for 45 seconds). As
shown in the inset, there is no hysteric feature, imply-
ing that the substrate is not the origin of the observed
magnetism. The M vs H curve at 2 K with the sub-
strate background subtracted out is plotted in the main
text Fig. 2c. The background signal is different for in-
plane and out-of-plane measurements. A quartz holder
was used for both the in-plane and out-of-plane measure-
ments and GE Varnish was used as glue to mount the
sample for the in-plane measurement. A small piece of
Teflon glued with GE Varnish was also used for the out-
of-plane measurement, and is why the diamagnetic back-
ground is different for in-plane and out-of-plane measure-
ments. This difference is seen even at room temperature.
These measurements strongly support that the observed
ferromagnetic order below 4 K is intrinsic to LCCO, and
eliminates the possibility of a contribution from the sub-
7FIG. S4. (a) and (b) show the M vs H of an LCCO film
grown on an STO substrate with H ‖ ab-plane and H ⊥ ab-
plane respectively; (c) shows the M vs H with H ‖ ab-plane
after removing the film by chemical etching. Inset: low field
zoom (x-axis (+3KOe to −3KOe) and y axis (+5 µemu to
-5 µemu) scale for all the insets are same).
strate (as discussed earlier in this SI).
Low temperature Hall effect: In Fig. S4a, we show
the Hall resistance measured on a lithographically pat-
terned sample in a Hall bar geometry at 2 K. The Hall
resistance at very low field exhibits a hysteresis loop be-
cause there is mixing of Rxy and Rxx components of the
resistivity. Figure S5a shows that at zero field Rxy is
not zero, which indicates the presence of the Rxx com-
ponent. The low field magnetoresistance (Rxx) is much
larger than the Hall resistance (Rxy) as shown in Fig.
S5b. The Hall resistance in a ferromagnetic metal can
be written as Rxy = R0B + 4piRsM [5], where the first
term is the ordinary Hall effect, and the second term is
due to the sample magnetization associated to spin orbit
coupling (skew scattering) and side jumps [5]. In LCCO
we find the total Hall resistance, RT = Rxx + Rxy, in
which the first term is the dominant term at low field (<
1000 Oe). This ab-plane magnetoresistance has masked
the anomalous Hall component (4piRsM). We have care-
fully removed the MR contribution to the Hall resistance
by subtracting the negative field Hall resistance from the
positive field Hall resistance as shown in Fig. S5b. The
corrected Hall resistance at 2 K is shown in the insert of
Fig. S5b, which features the hysteresis loop in the first
quadrant. This indicates the presence of an anomalous
Hall effect at 2 K, which is not found at 4 K.
Resistivity vs. temperature: In Fig. S6a we show
that the ab-plane resistivity follows a T 2 power law from
2 K to 30 K for dopings x = 0.18, 0.19. In Fig. S6(b), we
show the ab-plane resistivity vs temperature for the dop-
ing x =0.17, which is linear in temperature as previously
reported, with a superconducting transition temperature
∼ 4 K (see [1] in main text).
Magnetoresistance in other oxides: To further con-
firm that the low field magnetoresistance is not an ar-
tifact of the substrate, we plot the low field magne-
toresistance of conducting Nb-SrTiO3 and oxygen re-
duced SrTiO3 metal oxides in Fig. S7 (the Nb-SrTiO3
is sourced from CrysTec, GmbH, Germany). We see no
anomalous negative MR or low field hysteretic behav-
ior,confirming that the low field magnetoresistance de-
scribed in the main text is linked to the LCCO thin film
rather than the substrate. The substrates heated and an-
nealed in same as for LCCO do not have FM signature.
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8FIG. S5. (a) Hall resistance of x =0.18 at 2 K. Inset: expanded view of the low field region. (b) Hall resistance after
subtracting the magnetoresistance at 2 K (black) and 4 K (blue-offset) with linear fitting (red). The inset shows the anomalous
Hall exponent in the positive quadrant at 2K obtained by subtracting out the large Rxx component.
FIG. S6. The resistivity (ρ) vs T 2 for dopings x = 0.18 and x = 0.19 (left panel) and The resistivity (ρ) vs T for doping x =
0.17.
FIG. S7. Low field ab-plane magnetoresistance for reduced STO (top panel) and Nb-STO (middle panel). Lower panel shows
the measurement up to 9 T.
